This longitudinal study examines associations between baseline individual differences and developmental changes in reward (i.e., behavioral approach system (BAS)) sensitivity and relevant brain structures' volumes to prospective substance use initiation during adolescence. A community sample of adolescents ages 15 to 18 with no prior substance use was assessed for substance use initiation (i.e., initiation of regular alcohol use and/or any use of other substances) during a two-year follow-up period and for alcohol use frequency in the last year of the followup. Longitudinal increases in BAS sensitivity were associated with substance use initiation and increased alcohol use frequency during the follow-up. Moreover, adolescents with smaller left nucleus accumbens (Nacc) at baseline were more likely to initiate substance use during the follow-up period. The present study provides support for the link between developmental increases in reward sensitivity and substance use initiation in adolescence. The study also emphasizes the potential importance of individual differences in volumes of subcortical regions and their structural development for substance use initiation during adolescence.
Introduction
Adolescence is characterized by increased substance use (Eaton et al., 2006) and risk for related disorders (Kessler et al., 2005) . Approximately 18% of 8 th graders and 55% of 12 th graders report ever being drunk; use of illicit drugs is also common (Johnston et al., 2009) .
Adolescent substance use is linked to suicidal ideation (Windle et al., 1992) , sexual risk-taking (Hingson et al., 2003) , and later substance dependence (King & Chassin, 2007) . We have suggested that adolescents experience an increased sensitivity of the behavioralactivation/approach system (BAS: Depue & Collins, 1999; Fowles, 1987; Gray, 1991) that mediates approach to rewards (Luciana et al., 2012; Urošević et al., 2012) , including substances of abuse. Longitudinal studies are needed to clarify whether developmental increases, versus stable individual difference factors, in reward sensitivity and its neural substrates, predict adolescents' substance use initiation. The present study addresses this question.
Studies support adolescents' reward hypersensitivity. Adolescents show stronger effects of monetary incentives on cognitive task performance (Hardin et al., 2007; Jazbec et al., 2006) and increased positive affect (Ernst et al., 2005) relative to adults. They are relatively more sensitive to positive feedback (Cauffman et al., 2010) . In functional magnetic resonance imaging (fMRI) paradigms, adolescents exhibit greater ventral striatal/nucleus accumbens (Nacc) activity in response to rewards compared to other ages (Cohen et al., 2010; Ernst et al., 2005; Galvan et al., 2006; Somerville, Hare, & Casey, 2011 but see Bjork et al., 2004 Bjork et al., 2010) . During risk-taking, adolescents' ventral striatal activity is greater when peers are present, suggesting that social context serves as a potent source of reward (Chein et al., 2011) . The BAS system that underlies reward sensitivity is facilitated by dopamine (DA) projections from the ventral tegmental area to Nacc and dorsal striatum, as well as the amygdala and prefrontal cortex (Depue ADOLESCENT BAS AND SUBSTANCE USE INITIATION 5 heavy alcohol use (O'Connor & Colder, 2005) , illicit drug use (Simons, Dvorak, & Batien, 2008) , and lifetime number of substances used (Franken & Muris, 2006) . These associations may be moderated by working memory and inhibitory control (Patrick, Blair, & Maggs, 2008) .
Most of the above cross-sectional studies of links between BAS hypersensitivity and substance use rely on the BIS/BAS scales' (Carver & White, 1994 ) assessment of BAS/reward sensitivity. The BIS/BAS scores correlate with EEG indices of approach and withdrawal (Harmon-Jones & Allen, 1997; Sutton & Davidson, 1997) , responses to reward and punishment (Carver & White, 1994) and clinical symptomatology (Alloy et al., 2006; Meyer, Johnson, & Winters, 2001) . Twin data suggest a moderate genetic effect on variance in BIS/BAS scores (Takashi et al., 2007) .
There are no longitudinal studies examining effects of reward sensitivity on substance use and no studies of associations with substance use initiation. Cross-sectional approaches cannot determine whether it is the normative increase in reward sensitivity during adolescence that predicts substance use, or whether individuals with reward hypersensitivity exhibit greater substance use regardless of developmental stage. The few existing longitudinal studies on prospective risk factors of substance use initiation have examined other predictors, such as aggression and impulsivity (Ernst et al., 2006b) . Another longitudinal study failed to find a significant relationship between preferences for high risk/high reward task choices and substance use initiation in a mixed sample of adolescents with and without psychopathology (Ernst et al., 2010 Whether these associations extend to other substances or other brain regions is unknown.
Based on the prior studies described above, we hypothesize that both baseline individual differences and longitudinal increases in reward/BAS sensitivity will predict prospective substance use initiation and alcohol use frequency in adolescents. Furthermore, we predict that baseline individual differences in volumes of brain structures relevant for reward processing (i.e., Nacc and medial OFC) will predict prospective substance use initiation and alcohol use frequency. Longitudinal changes in these structures' volumes have been observed in the course of typical adolescent development, coincident with similar changes in BAS sensitivity (Urošević et al., 2012) . Thus, we hypothesize that longitudinal increases in Nacc volumes will predict substance use initiation and frequency of use. Finally, we will determine the specificity of reward sensitivity and relevant brain structures volumes' effects by also examining threat (BIS) sensitivity as well as amygdala and lateral OFC volumes. The BIS responds to threat/punishment and inhibits approach in situations of risk/reward conflict (Gray & McNaughton, 2000) .
Method

Participants
ADOLESCENT BAS AND SUBSTANCE USE INITIATION 7 be contacted about research participation or by postcards mailed to the University's nonacademic employees. Adult participants were recruited through flyers and mass mailings.
At T1, eligibility was determined with a phone screening and in-person clinical interview (Kaufman et al., 1996) . (Hollingshead, 1975) , yielding a mean SES of 52.29 (SD = 10.07) and a range from 17 to 66, largely representing middle to upper-middle SES.
Procedure
At T1 and T2, participants completed diagnostic and demographics interviews, questionnaires, behavioral tasks, and structural brain imaging (see Luciana et al., 2009; Muetzel et al., 2008; Olson et al., 2007; Olson et al., 2009; Porter et al., 2011; Schissel et al., 2011; Urošević et al., 2012 BAS Fun Seeking, and BAS Total assessing reward sensitivity and the BIS scale assessing threat sensitivity. The same 4-factor structure characterizes adolescent and adult samples. Thus, the measure yields comparable indices across development (Cooper, Gomez, & Aucote, 2007) . See
Supplemental Materials for additional information.
Substance use measures. At T1 and T2, participants completed the Kiddie-SADS-PL semi-structured diagnostic interview (Kaufman et al., 1996) , including all substance use screen questions. For minors, a parent simultaneously completed the interview (reporting on the participant) with a different interviewer. Consensus ratings for each interview item were derived.
At T1, due to exclusion criteria, no participants endorsed any substance use screens. This lack of endorsement at T1 indicated lifetime absence of tobacco and illicit substances use. The K-SADS-PL alcohol screen requires two alcoholic beverages per week on four occasions for endorsement. No participant endorsed this level of alcohol use at T1. Participants endorsed either never having a whole alcoholic beverage (84.9%), or consuming minimal amounts of alcohol at family functions, such as a holiday celebration or wedding (15.1%).
At T2, participants completed age-appropriate versions of the Personal Experiences Inventory (PEI; Winters, 1999; Winters et al., 2004) , which assess substance use severity and use-related motivations. Alcohol use frequency at T2 was assessed by one item ("How many times have you had alcoholic beverages (including beer, wine, and liquor) to drink during the last 12 months?"). Ratings across versions were coded into a common scale of alcohol use frequency for the last 12 months: 0 ('never'), 1 ('1-5 times'), 2 ('6-20 times'), 3 ('21-49 times'), and 4
('50+ times'). This variable was square-root transformed for subsequent analyses.
At T2, K-SADS-PL screen questions assessed whether participants used tobacco, alcohol, or illicit substances (i.e., cannabis, stimulants, cocaine, barbiturates/anxiolytics/narcotics, opiods, who initiated clinical-level use of 1 to 3 substances (M = 1.50, SD = 0.65; median = 1.00) during the follow-up interval. Two of these met Alcohol Abuse criteria, in partial remission, at T2.
Statistical analyses
Results
Descriptive Analyses
Based on the T2 PEI-item assessment of alcohol use frequency, an additional 11 (32.4%) participants reported drinking 1-5 times and 1 participant (2.9%) 6-20 times in the last year of the follow-up, but did not meet the K-SADS criteria for clinically significant use initiation.
Finally, 8 (23.5%) participants reported no substance use during the follow-up.
Baseline Predictors of T2 Alcohol Use Frequency
There were no significant effects of BIS/BAS scores at T1 on T2 alcohol use frequency.
In hierarchical regression analyses of the baseline ROI volumes' effects on prospective alcohol use frequency, there were no significant effects.
Developmental Predictors of T2 Alcohol Use Frequency
In five hierarchical regressions examining effects of developmental changes in the BIS/BAS scales' scores from T1 to T2 on prospective alcohol use frequency, there were significant effects for increases in BAS Total, partial r = .40, t = 2.32, p = .028, and BAS Drive, partial r = .39, t = 2.25, p = .032, after controlling for age, SES, and follow-up interval significant effects (covariates'
Step 1 R 2 = .31, p = .010). There were no other significant BIS/BAS effects. 
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When developmental changes in structural brain ROIs' volumes from T1 to T2 on alcohol use frequency during the follow-up were similarly examined, there were no significant effects.
Baseline Predictors of Clinical-Level Substance Use Initiation During the Follow-Up
When individual differences in T1 (baseline) BIS/BAS were examined, there were no significant effects of the BIS/BAS scales on clinical-level substance use initiation.
In binary logistic regressions examining effects of ROIs' volumes at T1 on prospective substance use initiation, there was a significant effect for the left Nacc, Wald's χ 2 (1) = 4.13, p = .042, OR = .985, 95% CI = 0.971 -0.999, after controlling for age, SES, and total brain volume.
This effect remained after potential influential cases and an outlier were excluded from the analyses (see Supplemental Materials).
To address the specificity of this effect within the striatum, post-hoc analyses were conducted to examine whether baseline volumes of the caudate, putamen, and pallidum were similarly associated with prospective substance use initiation. There were no significant effects.
Developmental predictors of T2 clinical-level substance use initiation.
In five logistic regressions examining effects of developmental changes in the BIS/BAS scale scores from T1 to T2 on prospective substance use initiation, there was a significant effect for increases in BAS Total, Wald's χ 
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When effects of the changes in ROI volumes from T1 to T2 on prospective substance use initiation were similarly examined, there were no significant effects.
Discussion
Substance misuse is a significant public health problem in the United States and other regions. When substances (e.g., alcohol) are introduced during periods of rapid neural development (e.g., the prenatal period), negative consequences are evident (Streissguth, Landesman-Dwyer, Martin & Smith, 1980) . Whether similar consequences are evident during periods of more subtle brain development, such as adolescence, is an active area of investigation (for reviews see, Elofson. Gongvatana, & Carey, 2013; Jacobus & Tapert, 2013 ). An interpretive dilemma in discerning the behavioral and neural impacts of adolescent substance use is that premorbid vulnerabilities cannot be reliably distinguished from the direct effects of substances. This is largely due to most existing studies either not involving adolescents who were free of substance use at baseline, or not following adolescents from periods of no use into active substance use initiation. The present study is unique in that the prospective predictors and subsequent impacts of substance use initiation can both be examined.
Using a theoretically guided analytic strategy, we found evidence of baseline vulnerabilities for substance use initiation during adolescence. Individuals in the mid-adolescent period who were most likely to initiate substance use were identified prior to the use initiation on the basis of their premorbid Nacc volumes. Adolescents who initiated clinical-level of substance use exhibited significantly smaller Nacc volumes at baseline, after controlling for potential confounds, compared to their peers. At baseline, participants were ages 15 to 18, a period associated with peak levels of Nacc volume, followed by a decrease from age 18 into early 20's in our larger longitudinal study (Urošević et al., 2012 In another longitudinal study of adolescents ages 11 to 13, left Nacc volumes exhibited similar increases during a 3-4 year follow-up (Dennison et al., 2013) . Other recent studies have reported different developmental trajectories for Nacc volumes, such as decreases with greater pubertal development compared to peers (Goddings et al., in press ) and mean annual decreases in Nacc volumes from ages 8 to 22 (Tamnes et al., 2013) . These longitudinal studies differ on a number of methodological issues, such as use of 3T MRI scanners and modeling of hemispherespecific trajectories (Dennison et al., 2013; Urošević et al., 2013) 
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Possible explanations for the association of smaller baseline Nacc volumes and prospective substance use initiation in adolescence require consideration of the larger neural circuitry involving the Nacc. The Nacc is part of a broad network that promotes approach toward potential sources of rewards and engagement with positively reinforcing stimuli once they are encountered (Koob & Volkow, 2010) . Through its efferent connections with the ventral pallidum, which further relays information through the thalamus to the prefrontal cortex and back to the striatum, the Nacc is positioned to facilitate the translation of approach motivation to behavioral action (Depue & Collins, 1999) . Afferents from the medial prefrontal cortex, insula, extended amygdala, hippocampus and ventral tegmental area modulate neuronal responses to rewarding stimuli within the Nacc. Together, these afferent and efferent pathways serve to guide reward-related motivations and behaviors. In particular, interconnections between the ventral striatum and prefrontal cortex enable a cost-benefit analysis that weighs a potential reward's value against positive and negative potential consequences of pursuing the reward.
The interconnections between prefrontal cortex and ventral striatum are complex and feature topographically segregated projections, e.g., ventromedial prefrontal cortex projections terminate primarily in patches within the shell region of the Nacc while dorsolateral prefrontal cortex projections terminate primarily in the head of the caudate nucleus. In addition, the ventral striatum contains zones where the prefrontal projections overlap, forming the basis for integration of information from different prefrontal areas (e.g., involved in reward pursuit vs. conditions of strong incentive-reward motivation. In this context, smaller Nacc volumes may set a structural limit on the capacity for weighing potential reward values vs. potential consequences, both pleasant and aversive, during risk-reward decision-making. Additional empirical support for this hypothesis includes a finding from a large multi-site study that smaller left Nacc volumes predicted a greater risk-taking bias in adolescents (Schneider et al., 2012) .
Moreover, smaller Nacc volumes mediated the association between risk-taking and Nacc's functional activity as measured using fMRI (Schneider et al., 2012) . Together, these findings suggest that smaller Nacc volumes during adolescence render individuals vulnerable to risktaking behaviors, including substance use and potential misuse.
Like Cheetham and colleagues (2012) , the present findings indicate that a priori differences in regional brain volumes predict substance use patterns in adolescence. However, Cheetham et al. (2012) found that smaller baseline OFC volumes (not Nacc volumes) predicted cannabis use initiation. Differences across studies may reflect unique neurobiological markers for cannabis initiation, or differences in the two studies' sample characteristics. Notably, both studies implicate structures that are important nodes within the reward processing network and point to structural limits on integration of information related to reward pursuit.
In addition to premorbid vulnerabilities, the present study supports certain longitudinal predictors of substance use in adolescence. We have reported that self-reported engagement with rewards normatively increases over time in the mid-adolescent period (Urošević et al., 2012) .
Within the present subsample, relative increases in reward sensitivity from baseline to follow-up were associated with a greater likelihood of substance use initiation and a relatively greater self- risk (Bjork et al., 2010; Bjork et al., 2004; Ernst et al., 2005; Galvan et al., 2006; Geier et al., 2010; Urošević et al., 2012) . There were no such effects for threat sensitivity. This pattern coheres with cross-sectional studies showing that BAS hypersensitivity is associated with heightened craving responses to substance cues (Kambouropoulos & Staiger, 2001 and greater substance use (e.g., Knyazev, 2004) in adolescents and young adults.
Moreover, the present study adds novel nuances to the nature of the reward/BAS hypersensitivity and adolescent substance use relationship. Relative increases in different aspects of reward sensitivity were associated with different substance use outcomes. Increases in emotional responses to rewards, indexed by BAS Reward Responsiveness, were linked to greater substance use initiation risk, whereas increases in persistence of reward pursuits, indexed by BAS Drive, were linked to greater alcohol use frequency. This patterning is intriguing in light of findings suggesting that the three components of the BAS total score are empirically dissociable (Ross, Mills, Bonebright & Bailley, 2002) , with specific neural, behavioral, and clinical correlates that extend to social decision-making (Scheres & Sanfrey, 2006) . BAS Reward
Responsiveness reflects positive affect and excitability in the presence of rewards, while BAS Drive is associated with behavioral action, approach motivation, and the tendency to prioritize one's individual goals over those of others (Smits & Boek, 2006 Despite potential for overlap, it is notable that BAS Fun-seeking did not emerge as an independent predictor of either outcome. BAS Fun-Seeking has been more specifically associated with reward-related impulsivity (Smillie, Jackson & Dalgleish, 2006) and is elevated in individuals likely to advance to addiction (O'Conner, Stewart & Watt, 2009; Park et al 2013) .
Its lack of association with outcomes in this sample suggests that approach motivation and enjoyment of rewarding pursuits, rather than impulsivity, may represent the most salient vulnerability factors for adolescent substance use. Future studies of adolescent substance use will need to further examine whether the link between prospective increases in reward pursuit and greater frequency of use holds for substances other than alcohol. Future studies will also need to examine whether increases in positive affect in presence of rewards predicts risk not just for initiation of clinical-level of substance use, but risk for development of full syndromes of substance use disorders.
Limitations
The present study recruited healthy adolescents, and this analysis is based on a small sample. Our sample was predominantly Caucasian, with middle-class socio-economic backgrounds, and not of sufficient size to fully examine contributions from sex and ethnicity. In 
Summary
The present study is unique in its ability to longitudinally identify prospective risk factors, at both the neural and behavioral levels, associated with substance use vulnerability.
Findings imply that adolescents with the greatest developmental increases in aspects of reward sensitivity that are tightly linked with the BAS and with potential neurobiological predispositions, i.e., structural differences in regions involved in reward pursuit (Nacc) are at greater risk for substance use initiation and greater alcohol consumption. Additional studies are needed to fully examine functional implications of individual differences in regional brain volumes of interest and their behavioral correlates. Overall, the present study suggests novel neurobehavioral methods for prospectively identifying individuals who may be at risk for later substance-related difficulties. Notes: 1) There were two types of outcome variables for two different types of regressions: a binary clinical-level substance use initiation (yes/no) in binary logistic regression analyses, and continuous alcohol use frequency in hierarchical regression analyses; however, the set and order of predictors was the same in both regressions types. 2) As recommended by the FreeSurfer group, the 'brainsegnonvent' variable yielded by standard processing was used as a measure of total brain volume excluding the ventricles. 3) Regressions with the relevant BAS or BIS subscale at T1 predicting the same subscale at T2 yielded these unstandardized residual scores. 4) Regressions with relevant ROI volume at T1 predicting the same ROI volume at T2, controlling for total brain volume and scanner upgrade, yielded these unstandardized residuals. T1 = Time 1; T2 = Time 2. 
